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FOREWORD 

The  work  described  in  this  report  was  performed  by  the  Virginia  Polytechnic 
institute  and  State  University,  Engineering  Science  and  Mechanics  Department,  for  the 
Naval  Air  Development  Center  under  contract  number  N62269-85-C-0256.  The  principal 
investigator  was  Prof.  Norman  E.  Dowling.  DeRome  O.  Dunn,  Graduate  Research 
Assistant,  performed  important  portions  of  the  work.  Volume  II  was  taken  from  a  M.  S. 
thesis  written  by  K.  Ranganathan.  The  program  manager  for  NADC  was  L.  W.  Gause; 
the  project  engineer  was  R.E.  Vining.  This  interim  report  covers 
work  that  was  performed  during  the  time  period  October  1985  to  December  1987. 
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INTRODUCTION 

This  interim  report  describes  work  on  a  three  year  project  on  Residual  Stress 
Changes  in  Fatigue.  It  is  scheduled  for  completion  in  September  1988.  The  project's 
objective  is  to  aid  the  Naval  Air  Development  Center  predict  and  improve  durability  of 
aircraft  structures. 

The  specific  work  involves  modeling  cycle  and  time  dependent  relaxation  of 
residual  stresses  and  incorporation  of  this  model  into  a  computer  program  for  fatigue 
life  prediction.  A  local  stress-strain  approach  is  being  used  to  handle  geometries 
containing  stress  raisers  (notches),  and  an  important  part  of  the  work  is  the  verification 
of  the  model  by  direct  measurement  of  residual  stresses  in  notches  by  x-ray  diffraction. 

This  interim  report  describes  the  work  done  so  far  which  is  related  specifically  to  x- 
ray  diffraction  measurements.  Some  progress  has  also  been  made  in  the  stress-strain 
modeling  area,  but  this  will  be  reported  later  when  it  is  more  complete. 

In  the  remainder  of  this  report,  the  experimental  setup  which  is  being  used  to  make 
residual  stress  measurements  during  brief  pauses  in  fatigue  tests,  is  described.  The 
Appendix  gives  a  detailed  description  of  the  X-ray  stress  measuring  apparatus.  A 
detailed  analytical  study  of  various  possible  sources  of  error  in  the  measurements  is 
given  in  Volume  II  of  this  report.  Data  and  discussion  are  then  given  which  are  specific 
to  the  two  materials  under  study,  namely  the  metal  alloys  Ti-6A1-4V  and  7475-T651  Al. 
(These  materials  are  identified,  and  mechanical  properties  given,  in  Table  1.) 
Measurements  which  have  been  obtained  for  titanium  during  static  and  cyclic  loading 
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are  discussed  next.  Following  this,  an  evaluation  of  the  x-ray  system  is  presented. 
Finally,  some  general  discussion  and  plans  for  future  work  are  given,  followed  by 
appropriate  conclusions. 
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Table  1  -  Materials  Identification  and  properties 


Ti-6A1-4V 

7475-T651  A1 

Form 

3/8  in.  plate 

3/4  in.  plate 

Condition 

Mill  annealed  1450°F 

Solution  treated  and  aged 

Identification 

Ingo"  No: 

Serial  No: 

990211-02-00 

511348-1 

Source 

RMI ,  Niles,  OH 

Alcoa  Labs,  Alcoa  Ctr.,  P) 

Ultimate,  ksi 

142 

78* 

Yield,  0.2%,  ksi 

133 

67* 

Elongation,  % 

14 

9* 

*  Property  minimums 

from  Metals  Handbook;  not 

test  data. 
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TEST  SPECIMENS  AND  APPARATUS 


The  x-ray  diffraction  method  determines  stresses  from  measuring  the 
spacing  of  crystal  lattice  planes.  Lattice  spacings  give  elastic 
strains,  which  are  related  to  stresses  by  the  theory  of  elasticity. 

Figure  1  illustrates  the  procedure.  Monochromatic  x-ray  radiation 
diffracts  according  to  Bragg’s  law: 

nx  =  2dsine  (1) 

where  x  is  the  wavelength,  n  is  the  order  of  reflection,  d  is  the 
spacing  between  the  particular  crystal  lattice  planes  that  have  been 
chosen  for  observation,  and  26  is  the  diffraction  angle  as  defined  in 
Fig.  1.  In  Fig.  la,  the  incidence  angle,  a,  and  the  exit  angle,  e,  are 
equal  to  each  other  and  to  e.  The  x-ray  detector  then  measures  the 
intensity  of  radiation  which  is  diffracted  from  planes  parallel  to  the 
sample  surface.  Plotting  this  intensity  as  a  function  of  small 
variations  in  2e  yields  a  diffraction  peak.  The  2e  position  of  this 
peak  used  in  Eq.  1  yields  the  lattice  spacing  for  this  normal 
orientation,  called  dp. 

The  angle  between  the  x-ray  source  and  the  sample  is  then  changed 
by  an  amount  u,  called  the  tilt  angle,  giving  the  situation  shown  in 
Fig.  lb.  Diffraction  now  occurs  from  lattice  planes  that  make  an 
angle  ii.  relative  to  the  sample  surface.  If  there  is  a  surface  stress  in 
the  sample,  the  diffraction  peak  will  now  be  shifted  due  to  different 
strains,  hence  different  lattice  spacings,  in  the  new  orientation.  The 
new  2e  position  of  the  peak  used  in  Eq.  1  gives  the  new  lattice 
spacing,  d^. 

The  stress,  c,  is  then  determined  from  the  relationship  [21: 


<Vdn) 


M  Sin2, 


(2) 
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Fig.  1  -  Residual  stress  neasureaients  by  x-ray  diffraction.  (Adapted 
fro«  Ref.  1). 
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where  E  and  v  are  Young's  modulus  and  Poisson's  ratio,  respectively,  for 
the  chosen  crystallographic  planes.  In  practice,  diffraction  peaks  are 
obtained  for  several  values  of  u,  and  the  stress  is  determined  from  Eq. 

2  and  the  slope  of  data  points  on  a  plot  of  d^  versus  sin  *. 

Experimental  Setup 

In  the  present  work,  such  measurements  are  being  made  using  a  TEC 
series  1600  x-ray  diffraction  system  on  loan  from  the  U.S.  Navy  and 
located  at  Virginia  Polytechnic.  The  variation  of  tilt  angle,  w,  is 
accomplished  by  the  automated  motion  of  the  x-ray  source  and  detector, 
while  the  sample  remains  stationary.  This  allows  measurements  to  be 
made  on  a  test  specimen  during  brief  pauses  is  a  fatigue  test  as 
illustrated  in  Fig.  2. 

Notched  test  specimens  as  shown  in  detail  in  Fig.  3  can  be 
studied.  These  have  a  notch  root  radius  of  either  0.25  or  0.125  in., 
which  give  stress  concentration  factors  of  1.61  and  2.02,  respec¬ 
tively.  Unnotched  specimens  as  in  Fig.  4  are  used  to  verify  the  x-ray 
diffraction  measurements  by  comparison  with  the  known  applied  stress. 

For  both  materials  the  long  axis  of  the  specimen  is  parallel  to  the 
rolling  direction  of  the  original  plate  of  material,  and  the  specimen 
thickness  is  parallel  to  the  plate  thickness. 

The  alignment  plate  indicated  in  Fig.  2  is  shown  in  detail  in  Fig. 
5.  A  corresponding  part  of  the  TEC  system  is  disassembled  and  replaced 
with  this  plate,  which  "locks  on"  to  the  specimen  to  assure  its  proper 
alignment  and  positioning  for  the  measurement. 

Additional  detail  on  the  experimental  setup  is  given  in  Appendix 
A.  The  time  required  to  obtain  an  x-ray  stress  measurement  is  found  to 
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Fig.  2  -  Arrangement  of  specimen,  fixtures,  and  x-ray  source,  for 
measurements  during  mechanical  testing. 


>* 


Unnotched  x-ray  specimen  geometry 


4  holes,  0.7810,  Chore  0.4060  es  shown, 
within  0.005  of  true  position.  Clearence 
for  0.250  soc.  hd.  cap  screw. 
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be  about  5  minutes  for  the  aluminum  alloy  and  20  minutes  for  the  titanium  alloy. 
Possible  Errors  in  X-ray  Stresses 

Various  sources  of  error  in  the  measurements  need  to  be  considered. 

Measurements  are  confined  to  a  narrow  strip  in  the  bottom  of  the  notch  to  avoid  errors 
associated  with  the  decrease  in  stress  around  the  radius  of  the  notch  and  other 
geometric  effects  of  the  radius.  For  the  blunter  notch,  an  x-ray  beam  size  of  1  mm  by  5 
mm  is  appropriate,  with  the  5  mm  dimension  being  parallel  to  the  specimen  thickness, 
that  is,  the  z-direction  in  Fig.  2.  For  the  sharper  notch,  the  beam  size  must  be  reduced 
to  0.5  mm  x  5  mm.  Use  of  the  5  mm  beam  width  takes  advantage  of  most  of  the 
specimen  thickness  so  as  to  maximize  the  area  of  x-ray  impingement,  which  in  turn 
minimizes  the  measurement  time  and  minimizes  difficulties  with  effects  due  to  the  finite 
cystallographic  grain  size  of  the  material. 

Detailed  analysis  of  the  stress  distribution  and  gradients  in  the  notched  specimen 
and  of  various  possible  errors  are  given  in  Volume  II  of  this  report. 

The  error  due  to  variation  of  the  stress  around  the  radius  of  the  notch  is  found  not 
to  exceed  1  %  in  stress  over  the  area  impinged  by  x-rays  at  the  extremes  of  V.  Another 
concern  is  that  the  finite  depth  of  penetration  of  the  x-rays  may  be  sufficient  for  the 
stress  gradient  in  the  x-direction  in  Fig.  2  to  cause  an  error.  This  results  from  the 
measurement  being  based  on  diffracted  x-rays  from  a  volume  where  the  stress  is  on  the 
average  less  than  the  maximum  (surface)  value.  However,  for  the  various  combinations 
of  material,  type  of  radiation,  choice  of  20  ,  and  range  of  v  involved,  this  error  also 
does  not  exceed  2%  in  stress. 
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There  is  also  an  error  due  to  the  curvature  of  the  sample  [3]  alone.  This  error  produces  a  fixed  error 
in  stress  that  is  independent  of  the  measured  stress.  The  worst  case  of  interest  is  the  sharper  notch  and 
titanium  material,  where  this  error  is  still  less  than  2  ksi. 

In  addition,  various  effects  that  might  cause  error  are  corrected  for  in  the  automated  data  analysis  of 
the  TEC  system.  These  include:  Kai  -  Ka2  peak  splitting,  Lorentz  polarization,  absorption  varitions  with 
V,  and  finite  beam  geometry.  The  overall  conclusion  is  reached  that  accurate  measurements  are  possible 
on  the  notched  specimens.  This  is  true  provided  that  dose  alignment  and  positioning  are  maintained, 
with  the  alignment  plate  arrangement  being  thought  to  be  sufficient  to  handle  this  requirement.  Of 
special  importance  is  the  depth  of  the  bottom  of  the  notch  below  the  alignment  plate,  hence  the  distance 
from  x-ray  source  to  sample.  This  is  checked  for  each  measurement  and  adjusted  in  increments  of 
0.001  in.  by  shims  if  necessary. 
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MEASUREMENTS  ON  TITANIUM 

Using  an  unnotched  electropolished  specimen,  large  number  of  diffraction  peaks  were  obtained  at 
1°  increments  over  a  wide  range  of  relative  tilt  angles,  y,  specifically  over  y=±35°.  Setup  parameters  for 
these  measurements  are  given  in  Table  2.  The  intensity  of  each  diffraction  peak  plotted  versus  y  in  Fig. 

6,  where  the  intensity  is  a  relative  measure  of  the  number  of  photons  counted  per  unit  time  during  the 
sample  period.  The  two  symbol  (+  versus  x)  correspond  to  rotating  the  specimen  180°,  that  is,  switching 
ends.  A  factor  of  two  variation  in  intensity  is  observed  with  a  minimum  around  y=0. 

The  corresponding  peak  widths,  specifically  the  full-width-at-half-maximum  (FWHM)  values,  are 
plotted  versus  y  in  Fig.  7,  and  the  measured  lattice  spacings  versus  sin2y  in  Fig.  8.  Peak  shape  at  the 
lower  intensities  near  y=0  in  Fig.  6  is  less  accuracy  determined  since  it  is  based  on  a  lower  photon 
count.  Peak  shape  affects  the  FWHM  and  the  location  of  the  peak  maximum,  hence  the  measured  lattice 
spacing.  The  extra  scatter  in  Figs.  7  and  8  around  y=0  is  partially  due  to  this  situation. 

Therefore  _  to  assure  a  reasonable  signal-above-background,  it  was  decided  to  subsequently  make 
x-ray  stress  measurements  by  avoiding  y  in  the  range  ±12°.  This  decreases  the  range  of  sin2y 
available  for  fitting  using  Eq.  2,  but  the  accuracy  of  the  measurements  is  improved  overall  by  making 
this  compromise  and  avoiding  the  large  scatter  near  y=0. 

The  intensity  variations  of  Fig.  6  indicate  a  minor  degree  of  preferred  orientation,  but  not  enough  to 
seriously  impair  the  ability  to  make  x-ray  stress  measurements.  This  conclusion  is  supported  by  the 
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Table  2  -  Setup  parameters  for  measurements  at  1°  increments  in  ip* 


Material 

Ti -6-4 

7475  A1 

7475  A1 

7475  A1 

Radiation 

Cu 

Cu 

Cr 

Cu 

Diff.  angle,  2e,  deg. 

142’ 

160° 

142° 

142° 

Diff.  planes,  (hki) 

(213) 

(511) / (333) 

(311) 

(422) 

Spec.  no. 

T1S06 

AS12 

AS12 

AS12 

Data  file  nos. 

109-112 

114-125 

140-154 

(155-171)2 

195-200 

203-210 

172-187 

Range  of  ip,  deg. 

-35  tO  +35 

-33  to  +44 

-33  to  +35 

-33  to  +44 

ip  osc.  range,  deg. 

0 

0 

0 

0 

Slit  size,  mm  x  mm 

1  x  5 

0.5  x  5. 

(3  x  5)2 

0.5  x  5 

0.5  x  5 

Counting  time,  sec. 

180 

70  ? 

(20)  ^ 

460 

210 

Notes: 

*  Electropol ished  specimens  under  zero  load.  All  measurements  were  repeated  after 
switching  ends  of  the  specimen. 

^  The  measurements  for  all  1°  increments  were  repeated  using  the  setup  parameters  in 
parenthesis. 
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Fig.  6  -  Variation  of  Intensity  of  diffracted  x-rays  with  tilt 
angle  p  for  a  large  number  of  measurements  on  the  titanium  alloy. 
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Fig.  7  -  Variation  of  diffraction  peak  width  with  tilt  angle  *  for  a 
large  nuwber  of  Measurements  on  tltanlun  alloy. 


Fig.  8  -  Variation  of  lattice  spacing  with  sin'  i>  for  a  large  number  of 
measurements  on  the  titanium  alloy. 


NADC-88141-60  (Volume  I) 

fairly  constant  FWHM,  excepting  of  course  the  scatter  around  =  0  . 
And  it  is  further  supported  by  the  linear  trend  of  the  lattice  spacing 
data  of  Fig.  8.  The  zero  slope  of  this  data  trend  is  consistent  with 
the  expectation  of  nearly  zero  residual  stress  in  the  sample  due  to 
electropol ishing. 
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MEASUREMENTS  ON  ALUMINUM 

Similar  measurements  of  a  large  number  of  diffraction  peaks  were 

made  on  a  single  unnotched,  electropolished  specimen  of  7475-T651  Al. 

2 

Intensity  and  FWHM  versus  m,  and  lattice  spacing  versus  sin  *,  are  shown 

in  Figs.  9-11  for  the  case  of  Cu  radiation,  2e  =  160°  ,  and  slit  size 

0.5  x  5  mm.  Setup  parameters  are  given  in  the  second  column  of  Table 

2 

2.  For  the  plot  of  lattice  spacing,  d,  versus  sin  *,  the  plot  covers 
the  same  size  window  in  d  as  does  Fig.  8  for  titanium  so  that  the 
scatter  can  be  compared. 

In  contrast  to  the  titanium  results,  the  intensity  varies  widely 

over  more  than  a  factor  of  thirty,  and  the  FWHM  varies  considerably  and 

2 

erratically  with  %  .  Also,  the  lattice  spacing  versus  sin  %  does  not 
exhibit  a  linear  trend,  and  has  considerable  scatter,  so  that  no  well- 
defined  slope  exists  from  which  to  determine  a  stress  using  Eq.  2. 

Additional  Results  for  Aluminum 

The  experiments  were  then  repeated  except  that  the  slit  size  was 
increased  to  3  x  5  mm.  Setup  parameters  were  the  same  as  before  except 
as  indicated  in  parenthesis  in  the  second  column  of  Table  2.  In  these 
results  (not  shown)  the  intensity  variation  was  similar  or  perhaps  even 
greater,  the  FWHM  scattered  even  more,  and  the  lattice  spacing  showed  a 
similar  trend. 

In  an  attempt  to  find  a  set  of  diffracting  planes  for  which 
successful  stress  measurements  could  be  made,  two  additional  sets  of 
data  similar  to  Figs.  6-8  were  obtained  using  the  0.5  x  5  mm  slit. 

These  corresponded  to  Cr  radiation  at  2e  =  142:,  where  the  diffracting 
p’anes  are  (hkl)  =  (311)  ,and  to  Cu  radiation  at  2e  =  142:,  whe^e  the 
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Variation  of  Intensity  of  diffracted  x-rays  with  tilt 
■  a  large  number  of  measurements  on  the  aluminum  alloy 
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planes  are  (hkl)  =  (422).  Setup  parameters  are  given  by  the  last  two 
columns  of  Table  2. 

However,  large  intensity  variations  occurred  in  both  cases.  For 
the  0/142°  on  aluminum  case,  the  FWHM  varied  by  an  amount  similar  to 
that  for  Cu/142°  on  titanium.  But  the  FWHM  was  again  large  for  the 
Cu/142°  on  aluminum  case.  In  both  cases  the  lattice  spacing  data 
exhibited  large  scatter  and  no  clear  linear  trend.  Hence,  neither  of 
these  additional  sets  of  planes  can  be  used  to  obtain  suitable  stress 
measurements  in  the  usual  manner. 

Discussion  of  the  Aluminum  Results 

If  the  difficulty  were  caused  by  large  grain  (or  other  particle) 
size,  increasing  the  slit  area  by  a  factor  of  6  for  the  Cu/160: 
combination  should  have  had  a  beneficial  effect.  Also,  the  grain  size 
has  been  determined  to  be  quite  fine,  in  the  range  10-15  urn  .  The 
difficulty  therefore  appears  to  be  associated  with  preferred  grain 
orientation,  that  is,  texture.  This  situation  was  later  confirmed  by  a 
pole  figure  done  on  this  material  by  Lambda  Research,  Inc.,  Cincinnati, 
OH. 

It  is  interesting  to  note  that  preliminary  study  of  the  aluminum 
material  did  not  indicate  that  the  preferred  orientation  problem  was 
particularly  severe.  (See  Appendix).  This  occurred  because  the  small 
number  of  u  angles  chosen  for  study  fortuitously  resulted  in  most  cases 
in  a  lattice  spacing  plot  that  looked  reasonable,  and  even  in  a  straight 
line  fit  for  the  stress  value  with  reasonable  statistics.  One  can  thus 
be  "fooled"  into  thinking  a  measurement  is  good  when  the  result  is 
influenced  by  preferred  orientation. 

An  additional  indicator  of  preferred  orientation  is  that  the 
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diffraction  peak  shapes  are  irregular  and  vary  rapidly  with  small 
changes  in  *  .  This  is  illustrated  in  Fig.  12  for  the  same  case  as  for 
Figs.  9-12,  that  is  Cu/160J  with  0.5  x  5  mm  slit.  The  three  peaks  shown 
differ  markedly,  despite  being  separated  by  only  1D  in  *  .  A  variety  of 
such  peaks  were  examined,  and  various  odd  shapes  were  seen,  such  as 
double  peaks,  very  wide  peaks,  and  indistinct  peaks.  Of  course,  peak 
shift  data  resulting  from  forced  fits  to  such  odd  peaks  have  little 
meaning,  and  neither  do  the  resulting  x-ray  stress  values. 

The  particular  situation  of  double  peaks,  or  peak  splitting,  is 
thought  to  be  due  to  the  (511)  and  (333)  planes  having  relative 
intensities  that  change  with  diffraction  orientation.  Under  normal 
circumstances,  the  (511)  diffraction  would  be  dominant  due  to  the 
multiplicity  of  these  planes  being  three  times  greater  than  for  the 
(333)  planes.  However,  the  preferred  orientation  may  cause  the  (333) 
planes  to  sometimes  dominate,  and  to  have  slightly  different  peak  shifts 
than  the  (511)  planes,  and  since  the  two  cannot  be  separated,  peak  shift 
measurements  are  confounded.  Such  preferred  orientation  is  not  a 
generic  situation  in  7475  Al,  as  at  least  one  batch  of  material  has  been 
recently  located  that  does  not  exhibit  such  behavior.  It  is  not  clear 
at  this  point  whether  the  degree  of  preferred  orientation  in  this  batch 
of  7475  Al  is  unusual,  or  whether  similar  situations  will  frequently 
occur  in  working  with  this  and  similar  materials. 
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Fig.  12  -  Unusual  diffraction  peak  shapes,  and  rapid  changes  In  peak 
shape  with  small  (1*)  changes  In  t>,  for  the  aluminum  alloy. 
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MEASUREMENTS  ON  TITANIUM  UNDER  LOAD 

Electropol ished  specimens  of  T i -6A1 -4V  were  studied  during  static 
and  cyclic  loading  by  making  x-ray  stress  measurements  with  the  specimen 
temporarily  held  at  various  values  of  load. 

Static  Loading 

Oata  of  x-ray  stress  versus  applied  stress  for  static  loading  of  an 
unnotched  specimen  are  shown  in  Fig.  13.  Two  of  the  lattice  spacing 
plots,  the  slopes  of  which  give  the  x-ray  stress  using  Eq.  2,  are  given 
as  Figs.  14  and  15.  In  Fig.  13,  there  is  excellent  agreement  between  x- 
ray  and  applied  stresses,  as  indicated  by  the  dashed  line,  until 
yielding  occurs.  Yielding  begins  at  a  proportional  limit  around  123 
ksi,  and  the  0.2 %  offset  yield  strength  is  about  140  ksi.  (The  test 
specimens  appear  to  have  slightly  higher  yield  strengths  than  the  mill 
test  reports  on  this  plate  of  material,  which  a^e  the  source  of  the 
values  in  Table  1.) 

Beyond  yielding,  the  x-ray  stress  decreases  while  the  applied 
stress  continues  to  increase.  In  principle,  the  presence  of  plastic 
strain  should  not  affect  the  stress  measurements,  as  this  depends  on 
only  the  elastic  portion  of  the  strain,  which  is  expected  to  still  obey 
Hooke's  Law. 

Repeat  Measurements  Under  Static  Load 

During  the  static  loading  work  just  described,  repetitive 
measurements  were  made,  and  some  of  the  experimental  parameters  were 
varied  in  an  attempt  to  optimize  the  measurement  time.  This  was  done  at 
three  different  load  levels  corresponding  to  applied  stresses  of  9.2, 
36.7,  and  73.3  ksi.  Results  are  given  in  Table  3.  Two  of  these 
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Fig.  13  -  Stresses  measured  by  x-r«y  diffraction  during  monotonic 
loading  of  an  unnotched  electropollshed  titanium  specimen.  The  dashed 
line  corresponds  to  perfect  agreement  with  the  applied  stress. 
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Fig.  14  -  Lattice  spacing,  d,  versus  sin  *  data,  and  straight  line 
slope  giving  the  x-ray  stress,  at  a  load  of  1.0  kip  (P/A  *  9.2  ksl) 
during  monotonic  loading  of  an  unnotched  electropollshed  titanium 
specimen. 
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p 

Fig.  15  -  Lattice  spacing,  d,  versus  sin  o  data,  and  straight  line 
slope  giving  the  x-ray  stress,  at  a  load  of  8.0  kip  (P/A  =  73.3  ksi) 
during  monotonic  loading  of  an  unnotched  electropoll shed  titanium 
specimen. 
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measurements  correspond  to  the  lattice  spacing  plots  of  Figs.  14  and  15; 
note  the  corresponding  "data  file  nos." 

X-ray  stress  values  and  two  types  of  (one  standard  deviation)  error 

bands  are  given  in  Table  3.  One  of  these  errors  is  the  counting 

statistics  error,  which  is  affected  by  counting  time.  The  other  is  the 

goodness  of  fit  for  the  straight  line  on  the  lattice  spacing,  d,  versus 

sin  ^  plots  as  in  Figs.  14  and  15.  The  actual  error  is  considered  to  be 

the  larger  of  the  two.  If  the  goodness-of-f it  error  is  significantly 

larger  than  the  counting  statistics  error,  this  implies  difficulty  with 

either  or  both  of  the  underlying  assumptions  of:  1)  biaxial  stress 

without  shear  in  the  measurement  direction,  and,  2)  isotropic, 

homogenous  material.  For  example,  large  goodness-of-f it  errors  occur 

for  the  aluminum  material  due  to  the  second  assumption  being  violated 

because  of  the  preferred  orientation  problem,  resulting  in  poor 

2 

linearity  on  d  versus  sin  m  as  in  Fig.  11. 

Errors  due  to  finite  grain  size  can  be  reduced,  and  the  goodness  of 
fit  improved,  by  an  automated  small  cyclic  oscillation  of  the  tilt 
angle,  <l>,  during  measurement  [4j.  As  indicated  in  Table  3,  such 
oscillations  over  a  range  of  3°,  that  is  ±  1.5’,  were  employed  for  most 
measurements  at  the  two  higher  applied  stress  levels.  The  it  angles 
investigated  were  all  between  -32  and  +35°,  with  values  in  the  range  + 
12°  being  avoided  as  discussed  earlier.  Either  6  or  10  different 
diffraction  peak  measurements,  each  at  a  different  u,  were  used  to 
obtain  each  x-ray  stress  value.  Where  oscillation  was  used,  the 
extremes  of  *  had  to  be  decreased  slightly  to  -31  and  +34°  to  accomodate 
this. 

The  counting  times  g-;ven  in  Table  3  are  nominal  values 
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Table  3  -  Repeat  measurements  on  an  unnotched,  electropolished 
specimen,  no.  T1S06  of  H-6A1-4V,  while  under  load 


1  kip  load  (P/A  =  9.2  ksi) 


Data  file  no. 

450 

451 

452 

453 

Counting  time,  sec. 

150 

150 

100 

100 

No.  of  4,  angles 

6 

6 

6 

6 

*  osc.  range,  deg. 

0 

0 

0 

0 

Max.  std.  dev./4).  A/deg. 

1.72x10"4/-24 

1.00xl0_4/-24 

1. 14x10~4/-12 

6.9xl0~5/12 

Count,  stat.  error,  ksi 

2.6 

2.8 

5.0 

3.4 

Goodness  fit  error,  ksi 

6.7 

6.3 

5.9 

5.1 

X-ray  stress,  ksi 

12.9 

12.5 

11.4 

10.6 

FWHM,  max/mi n,  deg. 

1.38/1.29 

1.41/1.21 

1.44/1.31 

1.44/1.19 

Intensity,  max/min,  units 

33.1/21.0 

31.5/20.5 

32.4/20.1 

32.6/20.1 

1  kip  load  (9.2  ksi)  cont'd. 

Oata  file  no. 

454 

455 

456 

Counting  time,  sec. 

100 

100 

75 

No.  of  i>  angles 

10 

10 

10 

4/  osc.  range,  deg. 

0 

0 

0 

Max.  std.  dev/i.  A/deg. 

1.15xl0_4/-32 

1.29xl0~4/-24 

3.24xl0'4/-32 

Count,  stat.  error,  ksi 

3.2 

3.5 

8.1 

Goodness  fit  error,  ksi 

4.8 

5.0 

6.8 

X-ray  stress,  ksi 

9.1 

9.8 

11.7 

FWHM,  max/min,  deg. 

1.49/1.27 

1.46/0.74 

1.47/1.32 

Intensity,  max/min,  units 

29.8/21.1 

31.8/19.3 

33.5/19.1 
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Table  3  cont'd. 

4  kip  load  (P/A  =  36.7  ksi) 

Oata  file  no. 

468 

Counting  time,  sec. 

150 

No.  of  angles 

6 

Hi  osc.  range,  deg. 

3 

Max.  std.  dev. /hi ,  A/deg. 

7.0x10-5/24 

Count,  stat.  error,  ksi 

2.5 

Goodness  fit  error,  ksi 

3.4 

X-ray  stress,  ksi 

40.9 

FWHM,  max/min,  deg. 

1.43/1.30 

Intensity,  max/min,  units 

33.2/20.9 

8  kip  load  (P/A  =  73.3  ksi) 

Data  file  no. 

475 

Counting  time,  sec. 

150 

No.  of  hi  angles 

6 

u  osc.  range,  deg. 

3 

Max.  std.  dev. /hi.  A/deg. 

8.0x10"5/34 

Count,  stat.  error,  ksi 

4.2 

Goodness  fit  error,  ksi 

OO 

LT> 

X-ray  stress,  k-i 

70.1 

FWHM,  max/min,  deg. 

1.50/1.34 

Intensity,  max/min,  units 

33.6/21.5 

471 

469 

470 

150 

100 

100 

6 

10 

10 

0 

3 

0 

7.8xl0~5/-24 

1.36xl0-4/12 

8.6xl0"5/29 

3.1 

4.8 

3.4 

6.2 

4.2 

5.3 

42.1 

44.5 

38.9 

1.50/1.33 

1.48/1.32 

1.49/1.28 

32.6/23.2 

34.0/21.0 

33.4/22.7 

476 

477 

478 

150 

150 

150 

6 

10 

10 

3 

3 

3 

9.0xl0~5/-24 

4.5xl0"4/24 

1 . Ox 10-4/- 19 

3.8 

5.4 

3.0 

7.3 

3.6 

4.6 

76.2 

79.4 

78.3 

1.47/1.35 

1.48/1.30 

1.50/1.31 

32.9/22.9 

33.5/21.9 

35.0/22.0 
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corresponding  to  ip  =  0  .  For  other  values  of  ii>,  this  time  is  adjusted 
somewhat,  specifically  lengthened,  to  account  for  increased  absorption 
for  nonzero  n*,  so  that  consistent  measurements  are  made  at  all  ii  .  The 
setting  of  the  actual  counting  time  is  done  automatically  by  the  control 
software  of  the  TEC  system. 

Studying  the  various  test  parameters  and  the  resulting  x-ray 
stresses  and  error  bands  leads  to  several  general  conclusions:  1)  The 
x-ray  stresses  (prior  to  yielding)  in  virtually  all  cases  agree  with  the 
applied  stress  within  the  error  band.  2)  A  counting  time  for  each 
diffraction  peak  of  75  sec.  is  too  short,  100  sec.  seems  adequate,  but 
150  sec.  is  even  better.  3)  The  use  of  10  different  w  angles,  that  is, 
observation  of  10  different  diffraction  peaks,  definately  improves  the 
quality  of  the  measurement  compared  to  6  values  of  i.  4)  Oscillation 
of  v  is  beneficial . 

Use  of  150  sec.  and  10  values  of  results  in  a  total  time  of  about 
30  minutes  to  obtain  one  x-ray  stress  value.  A  combination  of  100  sec 
and  10  values,  resulting  in  20  minutes  total,  represents  a  reasonable 
compromise  where  time  is  limited.  Note  that  counting  times  are  long  for 
titanium  alloys  compared  to  other  structural  metals  due  to  the  low  rate 
of  photon  production  and  the  high  fluorescent  background,  which  results 
in  the  need  for  more  data  to  resolve  the  resulting  signal-to-noise  ratio 
problem.  Total  measurement  times  of  5  or  perhaps  10  minutes  would 
generally  be  sufficient  for  aluminum  alloys,  steels,  etc. 

Cyclic  Load irq 

X-ray  stress  data  were  taken  at  various  levels  during  the  fi^st 
four  cycles  of  zero-to-maximum  loading  of  a  notched,  electropol ished 
specimen.  These  data  are  plotted  versus  the  applied  net  section  romina' 
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stress  in  Fig.  16.  A  downward  drift  during  load  cycling  of  the  stresses 
in  Fig.  16  would  indicate  relaxation  of  the  mean  stress.  If  any 
occurred  in  this  particular  case,  it  is  small  and  difficult  to 
distinguish  from  the  scatter  in  the  data. 

In  Fig.  17,  the  data  from  Fig.  16  for  the  first  load  cycle  are 
compared  with  the  expected  local  notch  stress  behavior  as  estimated  from 
Neuber's  rule,  and  also  elastic  unloading  following  the  yielding  which 
occurs  on  loading.  The  same  type  of  anomalous  decrease  in  x-ray  stress 
following  yielding  that  was  previously  observed  is  seen  in  Fig.  16.  As 
expected,  the  unloading  is  approximately  linear  and  parallel  to  a  line 
of  slope  equal  to  kt,  the  elastic  stress  concentration  factor  for  the 
notch.  However,  the  anomalous  drop  in  x-ray  stress  that  occurred  during 
yielding  is  retained  during  this  elastic  unloading.  The  residual  stress 
at  zero  load  is  measured  by  x-rays  to  be  78  ksi,  which  differs 
considerably  from  the  estimated  value  of  37  ksi.  The  lattice  spacing 
plot  giving  this  78  ksi  residual  stress,  shown  in  Fig.  18,  does  not 
appear  to  be  unusual  in  any  way. 

Discussion  of  the  Unexplained  Behavior  After  Yielding 

The  reason  for  the  anomalous  decrease  in  x-ray  stress  beyond 
yielding  is  not  known.  Some  possibilities  are:  1)  measurement  error  of 
some  type,  2)  altered  x-ray  elastic  constants  due  to  some  second  order 
effect  of  the  plasticity,  3)  actual  lower  stresses  in  a  thin  surface 
layer  than  in  the  bulk  of  the  specimen  due  to  some  unexplained  aspect  of 
the  material  behavior,  and  4)  effects  of  multiple  structural  phases  in 
the  material . 

The  first  oossibility  (error)  seems  unlikely,  however,  as  good 
agreement  is  obtained  up  to  the  beginning  of  yielding.  It  is  a'so 
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35 


Fig.  16  -  Stresses  measured  by  x-ray  diffraction  during  four  cycles  of 
zero-to-maxlmum  loading  of  a  notched  electropoll  shed  titanium 
specimen.  The  maximum  load  Is  12.0  kips  (P/A  »  110.0  ksl.) 
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Fig.  17  -  Comparison  of  estlaated  local  notch  stress  response  with  x- 
ray  data  error  bars  for  the  first  cycle  of  zero-to-eaxinum  loading  of 
the  notched  specimen. 
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Fig.  18  -  Date  and  fitted  line  for  x-ray  measurement  of  residual 
stress  at  zero  load  after  the  first  cycle  of  zero-to-maxlmum  loading. 
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difficult  to  explain  changes  in  the  elastic  constants  for  Eq.  2  which 
are  sufficient  to  cause  the  rather  large  discrepancy.  Since  we  are 
fairly  certain  that  the  lattice  spacings  are  accurately  measured,  it 
appears  to  be  difficult  to  escape  the  conclusion  that  the  stress  in  a 
thin  surface  layer  does  actually  decrease.  Such  behavior  is  not  readily 
explained  by  the  concepts  of  plasticity  and  structure  of  materials  in 
current  use.  Its  confirmation  by  further  study  could  have  considerable 
significance. 
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EVALUATION  OF  THE  X-RAY  SYSTEM 

The  system  used  is  specifically  a  Prototype  Model  1610-2  Portable 
X-ray  Diffraction  Residual  Stress  Analyzer,  made  by  Technology  for 
Energy  Corp.,  Knoxville,  TN,  for  the  U.S.  Navy  under  Contract  No. 
N00019-85-C-0419.  It  was  delivered  to  Virginia  Polytechnic  in  April  of 
1987  and  is  on  loan  to  VPI  by  the  U.S.  Navy  for  the  duration  of  this 
project. 

The  University  and  State  of  Virginia  radiation  safety  requirements 
were  finally  met  in  July  of  1987.  (The  delay  was  primarily  due  to  the 
necessity  of  fabricating  hardware  to  meet  the  extra  closed-beam 
operation  requirements  imposed  by  the  University  because  of  planned 
student  use  of  the  system).  In  the  seven  months  since  then,  the  unit 
has  been  used  extensively,  with  the  total  operation  time  to  date  being 
approximately  800  hours.  Most  of  this  operation  was  trouble  free. 

More  detailed  discussion  is  given  below  under  subheadings  dealing 
with  general  utility,  accuracy,  and  maintenance. 

General  Utility  of  the  Equipment 

The  performance  of  the  equipment,  and  especially  the  automation, 
make  it  very  efficient  to  use  with  a  minimum  of  operator  involvement. 
Special  provisions  for  rigid  mounting,  and  positioning  and  alignment,  of 
the  sample  may  be  needed  in  the  possible  future  use  of  such  equipment 
with  items  of  real  hardware.  Special  alignment  fixtures  analogous  to 
the  alignment  plate  of  Fig.  5  could  be  designed  to  "lock  on"  to  any  real 
part  where  complex  geometry  complicates  positioning  and  where  frequent 
measurements  are  expected.  The  current  capability  is  sufficient  for 
flat  and  gently  curving  surfaces.  Limitations  on  access  similar  to  the 
angles  a  and  8  of  Fig.  2  are  an  important  consideration  for  future 
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practical  application  of  the  equipment.  Only  minor  additional 
Improvement  in  this  area  is  physically  possible  due  to  the  necessity  of 
making  measurements  over  a  range  of  tilt  angles,  m  . 

When  the  safety  system  stops  the  machine,  there  are  cases  where 
some  additional  information  would  be  useful.  For  example,  when  there  is 
a  low  count  rate  on  the  computer,  the  system  is  shut  off  as  this  may 
indicate  that  x-rays  are  not  being  interrupted  by  a  sample  and  thus  may 
impinge  an  area  where  they  are  hazardous.  In  addition  to  no  sample 
being  in  place,  a  low  count  rate  could  be  caused  by  lack  of  emission 
from  the  x-ray  tube,  the  wrong  filter  on  the  detector,  or  an  incorrect 
detector  voltage  setting.  More  specific  diagnosis  of  the  problem,  or  at 
least  a  checklist  appearing  on  the  computer  terminal,  would  be  useful  in 
such  cases. 

It  would  be  useful  to  be  able  to  easily  turn  off  the  K  ,  -  K  _ 
correction  that  is  automatically  done  by  the  computer  for  all 
measurements.  At  present,  the  procedure  for  doing  this  is  not  obvious 
and  is  not  explained  in  the  manual.  This  ability  is  sometimes  needed  to 
ascertain  the  magnitude  of  the  correction  being  made,  and  to  permit 
measurements  without  it  where  desired. 

Some  improvements  could  be  made  in  the  explanation  of  the  stress 
report  produced  by  the  computer.  A  concise  description  and/or  summary 
should  be  provided  in  one  place,  where  it  can  be  quickly  located,  of  the 
values  printed  in  the  x-ray  stress  report.  Topics  could  include  brief 
discussions  of  how  values  are  calculated  and  x-ray  system  computer  files 
that  are  input  to  the  calculations.  Also,  a  brief  explanation  of  what 
each  quantity  physically  means,  along  with  its  physical  units,  would  be 
useful.  Values  of  specific  interest  are  tilt  angle  (*),  intensity, 
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FWHM,  K  correction,  diffraction  angle  (2e) ,  lattice  spacing  (d), 

a  '  ' 

standard  deviation,  counting  statistics  error,  godness  of  fit  error,  and 
total  stress  error.  The  total  stress  error  is  calculated  as  the 
geometric  mean  of  the  other  two,  but  it  may  be  appropriate  simply  to 
take  the  larger  of  the  two  as  the  total  error. 

Repeatability,  Accuracy,  and  Precision 

The  repeatability,  accuracy,  and  precision  of  measurements  with  the 
system  is  judged  to  be  excellent  when  circumstances  are  favorable.  Data 
bearing  on  this  matter  have  already  been  presented  in  Figs.  6-11,  13  and 
17,  and  also  in  Table  2.  The  anomalous  behavior  after  yielding  in  Figs. 
13  and  17,  which  was  also  discussed  above,  is  not  thought  to  be  a 
repeatability,  accuracy,  or  precision  problem,  but  a  more  fundamental 
area  that  needs  research. 

Where  circumstances  are  not  favorable,  such  as  for  large 
crystallographic  grain  size,  preferred  orientation,  or  unusual  states  of 
stress,  inaccuracies  can  be  a  problem.  It  is  especially  important  that 
operators  of  this  equipment  be  trained  to  recognize  such  problems  so 
that  engineering  decisions  are  not  made  based  on  invalid  data.  Specific 
guidelines  for  assuring  that  such  problems  do  not  exist  are  needed. 
Additional  software  development  should  be  considered  so  that  such 
guidelines  are  automatically  presented  to  the  operator.  Changes  in 
setup  parameters  or  additional  data  analysis  could  then  be  used  to 
obain  valid  data  in  some  cases,  and  the  remaining  cases  identified  where 
the  data  should  not  be  used  for  engineering  purposes.  We  understand 
that  TEC  is  pursuing  additional  software  development  that  at  least 
partially  addresses  this  need.  Although  many  of  these  considerations 
are  covered  in  the  standard  training  given  by  TEC  to  purchasers  of  the 
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equipment,  such  additional  software  would  have  the  advantage  of 
minimizing  the  chance  of  difficulties  with  untrained  operators  or  those 
whose  training  is  not  current. 

Maintenance 

Some  equipment  breakdowns  did  occur  during  the  extensive  usage  of 
the  equipment,  but  not  more  than  is  typical  of  sophisticated  laboratory 
equipment  in  general.  For  example,  there  was  a  failure  in  a  circuit 
board  of  the  computer  and  one  in  the  air  conditioner  cooling  unit,  both 
of  which  were  readily  repaired.  However,  for  the  computer  failure,  more 
than  two  weeks  were  lost  in  diagnosing  the  problem.  The  total  downtime 
in  the  seven  months  of  usage  has  been  approximately  6  weeks.  About  two- 
thirds  of  this  time  was  associated  with  simply  diagnosing  problems. 

Note  that  the  modular  design  of  the  equipment  facilitates  repair.  But 
the  complicated  interactions  among  22  subsystems,  as  influenced  by  the 
computer  controlled  environment,  sometimes  makes  isolation  of  a  problem 
very  difficult. 

Maintenance  was  complicated  by  the  fact  that  no  product  warranty  or 
service  contract  was  in  place.  This  situation  was  simply  a  result  of 
the  terms  of  the  contract  between  the  Navy  and  TEC  under  which  the 
equipment  was  developed.  Nevertheless,  TEC  personnel  have  been  very 
cooperative  and  helpful  to  us  in  dealing  with  maintenance  problems. 

TEC  has  suggested  a  $25,000  a  year  service  contract,  which  would 
include  labor,  materials,  repairs  on  a  48-hour  turnaround  basis,  and  all 
software  upgrades.  This  amount  seems  reasonable,  being  about  12%  of  the 
value  of  the  equipment,  which  is  in  the  range  seen  for  other  complex  lab 
equipment.  Although  funds  are  not  available  for  this  on  the  current 


42 


NADC-88141-60  (Volume  I) 

project,  such  an  arrangement  seems  advisable  in  general  for  serious 
users  of  the  equipment. 

For  use  under  shop  or  field  conditions,  special  care  will  thus  be 
needed  to  assure  that  the  expertise  and  parts  necessary  for  service  are 
readily  available.  Comments  about  some  specific  problem  areas  where  the 
system  could  be  improved  are  given  below. 

Maintenance  problems  occurred  twice  which  were  caused  by  the  high 
voltage  connection  which  supplies  power  to  the  x-ray  tube.  In 
particular,  an  arc  to  ground  can  occur  when  the  power  is  turned  on. 

When  this  occurs,  the  power  to  the  x-ray  high  voltage  power  supply,  the 
computer,  and  all  the  other  electronics  is  sometimes  briefly 
interrupted.  The  computer  will  then  sometimes  reboot  along  with  the  x- 
ray  diffractometer  servomotor  running  away  to  some  unknown  value 
of  id  tilt.  This  is  a  problem  in  that  the  diffractometer  may  strike 
obstructions  in  its  path,  especially  if  measurements  are  being  made  in 
areas  of  reduced  clearence.  Turning  off  the  computer  does  not  stop  the 
runaway  motion,  only  turning  off  the  power  to  the  computer  A/D  and 
safety  systems,  or  shutting  off  the  power  completely  to  the  chasis,  is 
effective. 

This  problem  with  the  power  cable  has  been  temporarily  solved  by 
replacing  parts  and  maintaining  a  high  degree  of  cleanliness.  A  more 
permanent  solution  involving  some  local  redesign  may  be  possible.  It  is 
noteworthy  that  the  more  recent  units  sold  by  TEC  have  an  on/off  switch 
for  the  shaft  encoder  motor  drive,  which  would  allow  the  operator  to 
quickly  stop  the  motion.  The  circuitry  that  controls  the  shaft  encoder 
motor  drive  has  also  been  redesigned  in  recent  units  and  is  now  less 
sensitive  to  this  problem. 
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The  articulated  arm  from  which  the  diffractometer  can  be  mounted 
can  exert  considerable  moment  on  the  slide  that  is  elevated  by  a 
motorized  power  screw  in  the  tower  of  the  chasis.  This  moment  is 
transferred  to  the  slide  from  the  arm  by  friction  between  the  slide's 
surface  and  the  mating  surface  of  the  arm  with  pressure  supplied  by 
bolts.  This  arrangement  is  unreliable  in  that  the  mating  surfaces 
shift.  The  moment  must  then  be  carried  directly  by  the  bolts,  which  are 
now  loaded  in  shear  along  with  the  tensile  forces  they  carry.  Also, 
when  the  shift  occurs,  rubbing  takes  place  along  the  sides  of  the 
channel  in  the  tower  provided  for  the  slide  and  the  arm. 

Stops,  pins,  and/or  bearing  surfaces  to  prevent  this  twisting  would 
provide  a  temporary  solution.  Redesign  of  the  bolted  joint  so  that  bolt 
preloads  provide  sufficient  friction  to  prevent  any  slippage  would  be 
the  straightforward  and  permanent  solution.  This  problem  appears  to 
occur  only  in  the  new  lightweight  tower  designed  for  this  special 
prototype  unit.  TEC  informs  us  that  similar  problems  do  not  occur  in 
their  standard  tower  design. 
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DISCUSSION  AND  PLANS 

The  capability  for  making  x-ray  stress  measurements  in  test 
specimens  during  brief  pauses  in  fatigue  tests  has  been  developed 
essentially  as  far  as  current  technology  allows.  Two  problems  remain. 
One  is  that  preferred  orientation  (texture)  in  the  particular  batch  of 
aluminum  alloy  being  used  makes  work  with  this  material  difficult.  The 
other  is  that  poorly  understood  behavior  occurs  upon  yielding.  The 
assessment  of  both  of  these  problems  is  that  their  solution  will  require 
d'.  anced  work  in  x-ray  diffraction  theory  and  materials  science  that  is 
beyond  the  scope  of  this  project.  Therefore,  only  limited  further  study 
of  these  complexities  will  be  done  in  this  project. 

In  the  remainder  of  the  project,  the  stress-strain  modeling  effort 
will  be  emphasized  and  concluded.  This  effort  will  be  supported  by  x- 
ray  diffraction  work  to  the  extent  that  is  feasible.  In  particular,  due 
to  the  difficulty  with  aluminum,  titanium  will  be  emphasized  as  far  as 
confirmation  of  the  model  by  measurement  of  x-ray  stresses  is 
concerned.  Equivalent  modeling  work  will  be  done  on  aluminum,  but  not 
confirmed  by  x-ray  unless  a  method  of  obtaining  valid  data  in  the 
presence  of  the  texture  can  be  found  without  extensive  research. 

Unless  an  explanation  can  be  found  without  extensive  research,  the 
anomalous  behavior  upon  yielding  will  be  handled  by  attempting  to 
develop  corrections  for  it.  This  will  be  done  in  an  empirical  manner 
based  on  data  for  unnotched  specimens  where  the  applied  stress  is  known. 
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CONCLUSIONS 

Local  stresses  can  be  measured  by  x-ray  diffraction  in  notched  test 
specimens  during  brief  pauses  in  fatigue  tests.  Measurements  in  7475- 
T651  A1  are  complicated  by  a  texture  in  the  particular  batch  this 
material  used,  with  better  results  being  obtained  for  Ti-6A1-4V. 

However,  anomalous  behavior  occurs  upon  yielding  which  needs  to  be 
understood,  or  at  least  corrected  for. 

The  x-ray  system  performed  very  well  under  extensive  usage.  The 
automated  control  and  data  reduction  features  of  this  system  are 
especially  valuable.  Some,  but  not  excessive,  maintenance  problems 
occurred.  Rapid  diagnosis  of  maintenance  problems  in  this  complex 
system  is  especially  important  in  minimizing  downtime.  Additional 
guidelines  would  be  useful  to  aid  in  data  interpretation  where 
complications  such  as  texture,  large  grain  size,  or  unusual  states  of 
stress  occur. 
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INTRODUCTION 

Knowledge  of  the  changing  state  of  residual  stress  at  various 
locations  in  a  fatigue  specimen,  especially  at  the  root  of  the  notch,  is 
of  critical  importance  in  advancing  our  understanding  of  the  theory  and 
mechanism  of  fatigue  failures  {Refs.  A-l  to  A-3 1 .  The  theory  of 
residual  stress  measurements  using  x-ray  diffraction  has  long  been  known 
and  is  the  subject  of  several  reviews  and  conferences.  (For  example, 
see  Refs.  A-4  to  A-7)  This  technique,  however,  has  not  been  compatible 
for  use  on  a  test  specimen  mounted  in  a  mechanical  testing  machine  due 
to  the  geometry  of  the  equipment  and  the  excessive  time  requirements  to 
make  the  measurements.  These  difficulties  can  be  overcome  by  using  a 
compact  and  portable  x-ray  stress  analysis  system  equiped  with  a 
position-sensitive  proportional  counter  (PSPC)  and  an  on-line  comDuoer 
system  for  automated  data  acquisition  and  reduction. 

It  is  the  purpose  of  this  paper  to  report  residual  stress 
measurements  for  notched  fatigue  test  specimens  of  7475-T651  aluminum 
and  mill-annealed  Ti-6A1-4V  in  a  conf iguration  which  simulates  wo"k  to 
be  performed  in  a  mechanical  testing  machine.  The  objective  of  tne 
research  is  to  demonstrate  the  feasibility  of  measurements  in  this 
situation  and  to  understand  the  various  sources  of  error  encountered  ana 
how  they  can  be  minimized.  Errors  discussed  in  the  following  sections 
include  counting  statistics,  grain  size  and  preferred  orientation  in  the 
specimen,  and  the  effect  of  notch  geometry  on  x-ray  optics  errors. 

X-RAV  DIFFRACTION 

For  a  specimen  in  a  state  of  biaxial  stress,  it  can  be  shown  (Refs. 
A-4,A-5)  that  the  lattice  spacing,  d  ,  of  atomic  planes  /.hose  norma1 
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make  an  angle  with  the  respect  to  the  normal  to  the  surface  is  given 
by 


d  -  d  „ 

o  $  j  $  1 0 

d  n 
®  ,o 


sin^ 


(A—  1 ) 


In  Eq.  (A-l)  the  subscript  ®  refers  to  the  angle  the  plane  of  the 

diffractometer  makes  with  a  convenient  coordinate  system  associated  with 

the  sample  and  defines  the  direction  in  the  sample  surface  in  which  the 

measurements  are  made,  and  E  and  v  are  Young's  modulus  and  Poisson's 

ratio,  respectively,  for  the  chosen  crystallographic  planes.  In 

practice,  diffraction  peaks  are  obtained  for  several  values  of  w,  and 

the  stress  is  determined  from  the  slope  of  data  points  on  a  plot 
2 

of  d  versus  sin  w  .  If  the  stresses  are  not  biaxial,  and  if  there  is  a 

shear  stress  component  in  the  plane  perpendicular  to  the  sample  ,  then 

there  is  an  additional  term  in  Eq.  (A-l)  which  depends  on  sin(2.)  .  This 

2 

causes  an  easily  observed  splitting  in  the  d  versus  sin  i>  graDh. 

j 

The  measurements  were  made  with  a  Technology  for  Energy  Corporation 
Model  1600  X-ray  Stress  Analysis  system.  The  diffractometer  consists  of 
an  arc-shaped  tracx  on  which  moves  the  carrier  plate  holding  tne  x-ray 
tube,  collimator,  shutter,  position-sensitive  porportional  counter, 
mounting  brackets,  and  shaft  encoder  and  motor  drive  assemblies. 
Alignment  of  the  sample  with  respect  to  the  center  of  rotation  of  tne 
diffractometer  is  obtained  with  a  mounting  plate  attached  to  the 
track.  The  position-sensitive  proportional  counter  (PSPC)  has  the 
capability  of  recording  not  only  the  presence  of  a  photon,  but  also  its 
location  along  a  line,  with  the  result  that  an  entire  Bragg  peak  ca’'  be 
recorded  simultaneously  from  a  ranee  of  2e  angles  without  moving  the 
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diffractometer.  Hence,  the  only  diffractometer  motion  needed  is  that 
for  changing  v  to  obtain  diffraction  peaks  at  several  values  of  m  .  A 
further  advantage  of  the  PSPC,  indeed  the  key  performance  parameter 
which  makes  portable  x-ray  diffractometry  even  possible,  is  the  fact 
that  its  signal-to-noise  ratio  is  greatly  improved  compared  to  the 
detectors  used  in  classical  diffractometers.  Specifically  this  ratio  is 
better  by  a  factor  between  200  and  1000,  allowing  the  use  of  small,  low 
power  x-ray  tubes. 

The  system  employs  automated  data  acquisition  and  direct  reduction 
of  this  data  using  a  digital  computer,  so  that  handling  of  data  and 
human  involvement  with  the  data  is  minimal.  All  standard  diffraction 
corrections,  such  as  determining  the  maximum  of  the  diffraction  peak, 
background,  absorption,  Lorentz  polarization,  and  Kc^  -  correc¬ 
tions,  are  performed  on-line.  Combined  with  automated  positioning,  this 
results  in  a  total  measurement  time  on  the  order  of  a  few  minutes.  This 
can  be  a  critical  factor  as  in  studying  time-dependent  relaxation  of 
residual  stress,  as  the  phenomenon  can  be  studied  in  detail  on  a  time 
scale  of  a  few  hours. 

A  distinct  advantage  of  such  a  system  is  that  it  is  highly  compact, 
portable,  and  can  be  operated  in  any  orientation.  The  instrumentation 
can  be  mounted  for  work  on  a  specimen  in  a  mechanical  testing  machine 
and  can  remain  in  position  for  measurements  during  brief  pauses  in  a 
fatigue  test.  This  avoids  lost  data  due  to  the  delay  that  would 
otherwise  be  involved  in  removing  the  test  SDecimen  for  study.  It  also 
lessens  the  chance  of  accidental  damage  or  compromised  specimen 
alignment,  both  of  which  are  more  likely  if  test  specimens  must  be 
repeatedly  removed  anc  remounted  in  the  testing  machine. 
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SPECIMENS  ANO  ALIGNMENT 

The  alloys  of  interest  in  our  research  are  7475-T651  aluminum  and 
mill-annealed  Ti-6A1-4V.  Metallography  indicates  grain  sizes  in  the 
range  10  to  15  urn  in  both  materials.  A  semiquantitative  analysis  of  the 
integrated  x-ray  intensity  as  a  function  of  sample  orientation  is 
consistent  with  an  approximate  (110)  [112)  rolling  texture  in  the 
aluminum  alloy  [Ref.  A-8).  There  was  no  indication  of  texture  in  the 
titanium  alloy. 

Three  sample  geometries,  a  straight  test  section  and  notches  with 
two  different  root  radii,  were  used  as  shown  in  Fig.  A-l.  An  assembly 
drawing  of  the  specimen  in  the  fixture  impinged  by  x-rays  is  shown  in 
Fig.  A-2.  An  alignment  plate  (Fig.  A-3)  maintains  positioning  of  the 
test  specimen  relative  to  the  x-ray  system  in  the  three  ortnogona1 
directions.  This  plate  is  rigidly  attached  to  the  x-ray  system  and  is 
prealigned  and  positioned  to  assure  that  the  surface  of  the  sample  is 
precisely  on  the  center  of  rotation  of  the  diffractometer,  that  the 
normal  to  the  surface  is  parallel  to  the  diffraction  vector 
at  w  *  O---,  and  that  the  irradiated  volume  of  the  samole  remains  the  same 
for  measurements  at  all  u  angles. 

Shoulders  on  the  specimen  aoove  and  below  the  notched  region,  as  at 
A  in  Fig.  A-2  are  closely  centered  and  located,  by  tolerances  of  t 
0.0005  in.,  with  the  top  and  bottom  of  the  alignment  plate  to  assure 
correct  positioning  in  the  vertical  direction  (y  on  Fig.  A-2).  The 
specimen  also  fits  into  a  slot  in  the  alignment  plate.  The  bottom  of 
this  slot  fits  against  the  edge  of  the  specimen  above  and  below  the 
notch  region,  as  at  B  in  Fig.  A-2,  to  give  positioning  in  t*e  width 
direction  (x  on  Fig.  A-2).  Finally,  positioning  in  the  thickness 
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Fig.  A-l  Notched  and  straight  test  specimens.  (The  second  notch 

geometry  is  the  same  as  the  one  shown  except  that  the  notch 
radius  is  half  as  large.) 
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Fig,  A-2  Arrangement  of  specimen,  fixtures,  and  x-ray  source, 
measurements  during  mechanical  testing. 


for 
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direction  (z  on  Fig.  A-2)  is  achieved  by  fitting  the  sides  of  this  slot 
closely  to  the  sides  of  the  specimen  above  and  below  the  notch  region, 
as  at  C  in  Fig.  A-2. 

The  design  of  the  notch  is  of  critical  importance.  Deep,  small- 
radii  notches  are  required  if  the  stress  state  is  to  be  reliably 
estimated  from  published  theory.  However,  to  measure  the  stresses  at 
the  root  of  the  notch  by  x-ray  diffraction,  it  is  required  that  the 
flank  angle  not  exceed  30°  from  the  longitudinal  center  line  of  the 
specimen  as  shown  in  Fig.  4.  With  notch  radii  of  3.175  mm  and  6.35  mm, 
the  stress  concentration  factors  are  2.02  and  1.61,  respectively  [Ref. 
A-9 1 .  These  values  include  the  effect  of  removal  of  the  material  to 
this  flank  angle,  which  effect  is  about  556  for  the  sharper  notch  and 
less  for  the  blunter  notch  [Ref.  A-10J. 

NOTCH  GEOMETRY 

A  detailed  consideration  of  the  experimental  configuration  shown  in 
Figure  A-2  suggests  several  potential  pitfalls  which  must  be  overcome. 
Stress  gradients  around  the  notch  required  that  the  x-ray  beam  be  small 
compared  to  the  notch  radius.  However,  short  measuring  times  require 
that  the  maximum  possible  x-ray  power  be  incident  on  the  sample  and  thus 
imply  large  beam  sizes.  This  problem  is  mitigrated  to  some  extent 
through  the  use  of  rectangular  slits,  5  mm  long  and  of  varying  widths. 
The  long  dimension  was  placed  parallel  to  the  specimen  thickness,  that 
is,  the  z-axis  in  Fig.  A-2. 

Computations  have  shown  that  it  is  necessary  that  the  notch  radius 
be  about  6  or  more  times  larger  than  the  x-ray  beam  width  in  order  to 
minimize  errors  introduced  by  stress  gradients  in  the  root  of  the  notch 
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[Ref.  A-10J.  Additional  complications  result  from  deviations  of  the 
sample  surface  from  the  diffractometer  focusing  circle,  which  is 
dependent  on  both  the  Bragg  angle,  e,  and  the  tilt  angle,  v  [Ref.  A- 

11].  For  a  beam  width  of  1  mm,  the  notch  radius  r,  should  not  be 

smaller  than  about  6  mm  as  is  illustrated  in  Figure  A-4.  In  particular, 
when  the  incident  beam  is  parallel  to  the  flank  of  the  notch,  a  beam  of 

thickness  r/6  covers  a  distance  of  r/3  in  the  bottom  of  the  notch  as 

shown  in  Fig.  A-4.  Any  larger  beam  size  would  result  in  diffraction, 
from  areas  where  the  stress  is  significantly  below  the  maximum  value  in 
the  notch,  and  thus  errors  due  to  stress  gradient  would  be 
encountered.  Based  on  this  notch  geometry,  computations  have  shown  that 
the  focusing  circle  errors  due  to  the  curvature  of  the  notch  w'll  be 
less  than  15  MPa  for  botn  materials  [Ref.  A- 10 ] . 

For  maximum  accuracy  in  stress  determinations,  it  is  desirable  to 

2 

cover  as  wide  a  range  of  sin  j  as  possible.  Further,  in  orde’"  to 
determine  if  shear  stresses  are  present,  it  is  necessary  to  make 
measurements  for  both  positive  and  negative  j  angles.  Tne  maximum  range 
of  i-angle  allowed  by  the  diffractometer  is  -45  to  +  60 
for  2-.  =  156-  .  These  maximum  ranges  can  be  achieved  for  measurements 
on  flat  surfaces  but  are  reduced  significantly  for  the  test  specimens, 
more  so  at  positive  u  for  tne  notched  ones  than  the  straight  ones. 

Also,  the  diffractometer  needs  to  be  attached  to  the  loading  frame  posts 
of  an  electrohydraul ic  materials  testing  system.  Thus,  the  ar'DS  and 
the  specimen  ends  may  impose  additional  limitations  on  tne  range  cf 
possible  u  angles.  By  care*ul  design  of  grips  ard  specimen,  additional 
limitations  of  this  type  we’-e  minimized. 

The  resjlt  achieved  is  that  for  notched  specimens  ooth  t-'e 
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0.014  r 


T*  6. 35  mm 
(or  3.175) 


X 
3  “* 


■g  *1.06  mm 
( or  0.53mm) 


Fig.  A-4  Notch  geometry. 
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angles  a  and  b  in  Fig.  A-2  cannot  be  smaller  than  about  36°.  The  two 
limits  on  can  be  obtained  from 

♦««  ■ 9  - e  <#-2) 
*min  -  *  "  6 

so  that  for  notched  specimens  the  limits  on  i  are  ±  35  for  2e  =  142°, 
and  ±  44°  for  26  =  160°  ,  which  are  the  26  angles  to  be  used  for  the 
titanium  and  aluminum  alloys,  respecti vely.  Also,  note  that  the 
specimen  and  grips  employed  are  limited  to  tensile  applied  loads.  To 
accommodate  compression  would  require  more  massive  grips  closer  to  the 
notch,  and  thus  severe  and  probably  unacceptable  limits  on  the  feasible 
ranges  of  ;■  . 

Finally,  cardboard  mock-ups  of  the  grips  ana  fixtures  were  attached 
to  the  specimens  to  impose  the  same  geometric  limitations  on  the  motion 
of  the  x-ray  system  components  as  would  actually  occur.  It  was  thus 
possible  to  limit  data  acquisition  to  ^-angle  ranges  which  will  be 
encountered  in  the  fatigue  experiments  and  thereby  simulate  the 
anticipated  exoerimental  errors. 

X-RAY  MEASUREMENTS 

Measurements  were  made  using  Cu  K  diffracted  from  the  {213}  planes 
of  the  titanium  alloy  at  2e  approximately  142f,  and  from  the  {333/511} 
planes  of  the  alumimum  alloy  at  26  approximately  160'.  A  1.0  mm  wide 
beam  was  used  for  titanium,  thus  reouiring  a  6.35  mm  notch  radius,  while 
a  0.5  mm  beam  could  be  used  for  aluminum  with  a  3.175  mm  notch.  The 
experimental  parameters  are  summarized  in  Table  A-l.  Typical  results 
are  shown  in  Figs.  A-5  and  A-6.  In  addition  .o  the  data  for  a  versus 
sin  ..  and  the  associated  errors,  the  instrument  also  ca’cu  ates  the 
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Table  A-l  -  Equipment  Parameters 
Item  Material 


H-6A1-4V  7475-T651  A1 


Radiation 

Cu 

Cu 

x.  Angstrom 

1.54178 

1.54178 

2e,  degrees 

142 

160 

Voltage 

45000 

45000 

Amperage 

1.85 

1.85 

Rectangular* 

Slit  Size,  mm 

1  by  5 

0.5  by  5 

Measurement  Time 

(per  stress  value),  minutes 

20 

C 

5mm  dimension  parallel  to 

specimen  thickness. 

A-12 


■ 


.Lattice  Spacing,  A0 


, Lattice  Spacing, 
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0.786163 


Residual  Stress 
-47±22M  Pa 


0.784281 


X  *>0 

A  \fr  <  0 


0.782398 


A  - 


0.780515 


0.0 


0.4 


Sin2  ^ 


Fig.  A-6  Lattice  spacing  vs.  sin  for  notched  aluminum  specimen  no 
AX23  with  an  electropolished  surface. 
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integrated  intensity  and  the  full-width-half-maximum  (FWHM)  of  the 
corrected  diffraction  peaks.  These  are  useful  parameters  for  monitoring 
both  grains  size  and  preferred  orientation  effects  in  the  samples. 

RESULTS  AND  DISCUSSION 

Table  A-2  summarizes  measured  residual  stresses  for  the  two 

materials  and  the  errors  involved  for  various  geometries  with  either 

machined  or  electro-polished  surfaces.  Also  listed  are 

the  ti-angle  extremes  and  the  nominal  counting  time  for  each  measurement. 

The  errors  in  the  measured  residual  stress  as  given  in  Table  A-2 

are  of  two  kinds.  The  counting  statistics  error  is  dependent  on  the 

counting  time.  Increasing  the  counting  time  by  a  factor  of  2  reduces 

this  error  by  /2  .  The  other  type  of  error  is  the  goodress  of  fit 

error,  which  descrioes  how  well  a  straight  line  fits  the  data  for  the 

2 

lattice  spacing,  d  ,  versus  sin  ;  plot.  If  the  gooaness  of  fit  error  is 

■a 

significantly  larger  than  the  counting  statistics  error,  this  implies 
that  the  simple  assumption  of  biaxial  stress  in  an  isotropic,  homogenous 
material  is  no  longer  valid.  This  could  result  from  grain-size, 
preferred-orientation,  or  triaxial  stress  effects.  The  goodness-of-f it 
error  includes  the  counting  statics  error  and  thus,  in  principle,  snould 
be  larger.  However,  if  only  a  small  number  of  v-angle  data  points  are 
measured  it  is  possible  that  the  goodness-of-f it  error  can  be  less  than 
that  from  counting  statistics.  Inspection  of  the  errors  in  Table  A-2 
suggests  that  in  most  cases  tne  Diaxial  stress  assumption  is  valid. 

Inaccurate  stress  measurements  may  be  caused  by  large  grain  size 
and/or  pre*errec  orientation.  Large  grain  size  causes  'spotty1  Deo..e- 
Scnerrer  patterns  and  leads  to  large  variations  in  diffracted 
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Table  A- 2  -  Experimental  Results 


Spec  No. 


Item 

TIX10 

T1S02 

AX23 

AX23 

Measurement  No. 

1 

2 

3 

4 

Material 

Ti 

Ti 

A1 

A1 

Notch  radius, 
mm 

6.35 

none 

3.175 

3.175 

Surface* 

M 

M 

E 

E 

Oscillation 

Range,  degrees 

4 

4 

4 

4 

Extremes, 

±33 

-34 

+43 

+43 

degrees 

+42 

Number  of  u 

Angles  Used 

5 

7 

5 

5 

Counting  time 
at  each  •*., 
seconds 

180 

180 

180 

60 

Residual  Stress, 

MPa 

-315.7 

-422.1 

-25.9 

-46.7 

Errors,  MPa 

Counting  Statis. 

81.9  , 
100. oz 

57.4 

!7.2 

16.5 

Goodness  of  Fit 

30.2 

133. 03 

22.4 

*  Machined  (M)  or  electroool ished  (E). 
z  ProL’ble  alignment  erron. 

3  This  large  value  is  caused  by  texture  and  appears  in  only 
this  measurement  due  to  the  particular  choices  of  v  used. 
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intensity.  Both  metallography  and  independent  measurements  made  at 
different  locations  on  the  flat  surface  of  the  specimens  indicated  that 
no  significant  problem  in  either  material  resulted  from  this  effect. 
However,  to  mitigate  any  such  possible  problem,  measurements  were  made 
with  a  4C  w-angle  oscillation.  The  motor  drive  on  the  diffractometer  is 
capable  of  such  ^  angle  oscillation  and  thus  improves  the  precision  of 
the  stress  values. 

A  problem  due  to  texture  was  encountered  in  alumimum  (measurement  3 

of  Table  A-2),  with  the  result  that  all  of  the  residual  stress  values  in 

Table  A-2  for  this  material  are  in  question.  Texture  is  generally 

2 

evidenced  by  both  a  nonlinear  d  versus  sin  &  plot  and  by  variations  in 
the  integrated  intensity  for  various  ($,*)  orientations.  Further  work, 
by  which  a  crude  pole  figure  was  developed  by  potting  the  integratec 
intensity  at  various  (o,ti)  locations  on  a  sterographic  projection 
indicated  a  typical  face-centered-cubic  (110)  [ll21  rolling  texture 
(Ref.  A-8J.  It  is  concluded  that  this  particular  material,  which  was 
received  from  the  manufacturer  as  col led-rol led  plate,  is  rot  amendaole 
to  residual  stress  measurement  by  x-ray  diffraction.  However,  it  must 
be  noted  that  more  recently  we  have  obtained  a  block  of  the  same  alloy 
in  a  forged  condition  from  the  Naval  Air  Rework  Facility  in  Norfolk, 

VA.  X-ray  residual  stress  studies  on  this  material,  both  at  Norfolk 
(Ref.  A-12j  and  at  VPI  (Ref.  A- 13 } ,  do  net  show  any  signs  of  significant 
preferred  orientation.  Quick  and  reliable  means  of  detecting  the 
presence  of  texture  are  needed  so  that  invalid  residual  stress  data  are 
not  used  for  engineering  purposes. 

Eight  measurements  including  those  tescrioea  in  Table  A-2  were  made 
during  a  four  hour  peried,  with  about  half  of  this  t'Te  being  ccc-pied 
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by  activities  other  than  the  measurements.  Measurement  of  one  residual 

stress  value  on  titanium  required  and  elapsed  time  of  about  20  minutes, 

while  on  aluminum  one  measurement  required  only  about  5  minutes.  Most 

of  the  measurement  time  is  occupied  by  x-ray  photon  counting  at 

each  it  angle,  with  the  times  involved  being  given  in  Table  A-2.  Note 

that  connecting  the  specimen  and  the  x-ray  system  is  rapid,  requiring 

only  one  depth  gage  micrometer  measurement  to  check  the  precise 

alignment  of  the  sample.  No  time  is  lost  in  shifting  to  different 

angles,  as  this  is  rapidly  done  by  the  automated  system.  Statistical 

data  reduction  by  the  digital  computer  to  obtain  the  residual  stress 

value  is  essentially  instantaneous.  This  data  reduction  includes  the 

2 

appropriate  d(  versus  sin  ii  plot  similar  to  Figs.  A-5  and  A-6,  plus 
printouts  of  all  other  data,  including  integrated  intensity  correction 
factors,  and  FWHM. 

The  measurements  obtained  for  titanium  are  judged  to  be  of 
sufficient  accuracy,  and  are  otherwise  suitable,  for  the  reseanch  whicn 
is  underway  on  relaxation  of  residual  stress  during  fatigue  loaoing. 
However,  similar  work  on  aluminum  may  require  tne  choice  of  another 
batch  of  material.  The  significance  of  the  results  reported  is  that 
they  demonstrate  the  capability  for  quickly  and  efficiently  making 
accurate  measurements  during  brief  pauses  in  a  fatigue  test  with  the 
specimen  left  in  place.  It  should  be  noted,  however,  that  plastic 
deformation  during  testing  may  cause  some  additional  difficulty  with  the 
measurements,  and  care  will  be  needed  in  this  a^ea. 


CONCLUSIONS 

The  present  work  demonstrates  that  the  eauipment,  soecimens,  arc 
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fixtures  described  can  be  used  successfully  in  a  mechanical  testing 
machine  to  make  residual  stress  measurements  on  a  test  specimen  during 
brief  pauses  in  a  fatigue  test.  The  measurement  times  are  about  5 
minutes  per  stress  value  for  the  aluminum  alloy  and  20  minutes  for  the 
titanium  alloy. 
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